ABSTRACT: The immature stages of Coquillettidia and Mansonia mosquitoes are cryptic and spend the duration of their development attached to the tissues of subsurface aquatic plants. This obligatory association makes them difficult to collect and has precluded detailed investigation of the biology of Coquillettidia linealis, a species of significant pest and vector status in Australia, as well as other species in the genus Coquillettidia in Australia and elsewhere. This paper describes the first successful establishment and maintenance of a colony of Cq. linealis. Blood-seeking wild adults were collected and induced to oviposit under laboratory conditions, where methods were developed to rear larval populations to adult maturity in a colony that was maintained through eight successive generations. Colonies of Coquillettidia xanthogaster and Coquillettidia sp. nr crassipes were also established and reared through at least six generations and five generations, respectively, while two species of Mansonia, Mansonia uniformis and Mansonia septempunctata, were also reared successfully for six and two generations, respectively. Journal of Vector Ecology 44 (1): 130-137. 2019.
INTRODUCTION
The mosquito Coquillettidia linealis (Skuse) is a major nuisance biting pest and vector of arboviruses, including Ross River virus, in eastern Australia (Russell and Dwyer 2000, Russell 2002 ). Despite its importance, relatively little is known about the field ecology of the species, principally because the larvae and pupae are cryptic and spend the duration of their development attached to submerged roots of aquatic emergent vegetation. This obligatory association has precluded detailed investigation of Cq. linealis and other species in the genus Coquillettidia, as they are difficult to maintain and rear in laboratory cultures. Indeed, for this reason, the larvae of Cq linealis have not been formally described to date. Occasionally, larvae presumed to be Cq. linealis for circumstantial reasons (the adults being found locally) have been collected from reedy wetlands in NSW but they could not be reared to adults to confirm identification (R.C. Russell, unpublished) .
Colonization of Coquillettidia species has probably been attempted many times, with failed efforts often going unreported. Haeger (1961) , for example, mentions that "other workers…have tried rearing larvae of (Cq. perturbans) without success. " Large-scale colonization of Coquillettidia spp. has been achieved only with Coquillettidia crassipes (Van der Wulp) which was reared through at least 21 generations (Chiang et al. 1986) , and Coquillettidia richiardii (Ficalbi) that was reared through at least two successive generations (Guille 1973 (Guille , 1975 . Several species have been reared from egg to adult, including Coquillettidia buxtoni (Edwards) (Guille 1973 (Guille , 1975 , Coquillettidia aurites (Theobald) (Gillett, 1961) , Coquillettidia perturbans (Walker) (Haeger 1961) and Coquillettidia xanthogaster (Edwards) (Perry 1949) , and at least 13 other species have been reared from field-collected larvae to adult for identification (Davis 1933 , Wanson 1944 , Gillett 1946 , Belkin 1962 , Wharton 1962 , Belkin et al. 1970 .
On the other hand, colonization of Mansonia species, which also require an attachment substrate for larvae and pupae, has been more successful, with at least seven different species established in separate colonies (e.g., Laurence and Smith 1958 , Laurence et al. 1962 , Wharton 1962 , Sucharit et al. 1981 , Cheong et al. 1984 , Chiang et al., 1985 . However, many of these reports for both genera only described superficial trials and not quantitative investigations. And for those where more detail was provided, survival rates (from 1 st instar to adult) in each generation seldom exceeded 30% (Laurence et al. 1962 , Cheong et al. 1985 , Chiang et al. 1986 .
With regard to the Coquillettidia species in Australia (Lee et al. 1988 ), Dobrotworsky (1965 attempted to rear adult Cq. linealis from 1 st instar larvae but the larvae died after three to four days, and other attempts to maintain the species in the laboratory have also been unsuccessful (R.C. Russell, unpublished data). The objective of this project was to establish a colony of Cq. linealis using standardized and reliable procedures that would enable production of sufficient material for research. Initially, the biggest difficulty was perceived to be the provision of a suitable attachment substrate, especially one suited to laboratory conditions. Laboratory investigations showed that hydroponicallygrown wheat seedlings were the most appropriate attachment substrate and larvae also required relatively large organic content in the rearing medium. The details of those trials, along with developmental response of Coquillettidia species to various temperatures, are presented in Johnson and Russell (2019) . In this paper, we report the standard methods that were developed to maintain Cq. linealis in the laboratory and also other problems that were encountered, including high mortality rates of pupae (unsuccessful adult eclosion) and reluctance of colonized females to mate and lay eggs.
As an evaluation of the relative effectiveness of these methods, attempts were also made to rear Mansonia and other Coquillettidia species from Australia, including Ma. uniformis, which has been colonized previously elsewhere (e.g., Chiang et al. 1985) and Cq. xanthogaster, which has been reared to adults from eggs (Perry 1949) , as well as Mansonia septempunctata (Theobald), Coquillettidia variegata (Dobrotworsky), and the undescribed Coquillettidia species near crassipes of Marks (Lee et al. 1988) ), none of which has been reported as having been reared or colonized under laboratory conditions.
MATERIALS AND METHODS

Maintenance of adults
Host-seeking adult Cq. linealis were collected from a wetland site near Port Stephens, on the mid-north coast of New South Wales, Australia and kept in 28 x 20 x 20 cm cages in an insectary maintained at 24-27.5° C, 80 ± 5% relative humidity and with a 12:12 light:dark photoperiod. Temperatures fluctuated by ≤1° C on a daily basis, but were subject to external climatic conditions and generally lower in winter than in summer. Adults were provided with a cotton wool pad soaked in 10% sugar solution and three softened raisins or sultanas. Females were provided with anaesthetized mice for blood meals. As Cq. linealis did not readily feed when in cages, females were confined in a 300 ml cup covered with gauze and held against a mouse for blood feeding.
Oviposition
Three days after a blood meal, a P250 pot (round, white plastic 250 ml container) was placed in the cage for oviposition. The cup was filled with 200-300 ml deionized water, two 150 mm wooden applicator sticks, and either several strands of emergent rush vegetation (Isolepis prolifera (Rottb.) R.Br.) or 25-30 4-day-old wheat shoots, which were used in larval rearing containers. Egg rafts were laid in the early morning, four to six days after a blood meal. The rafts were moved from oviposition pots to clear plastic 125 ml pots with deionized water for hatching. Hatching occurred three days after oviposition and larvae were moved to larval rearing containers within one to five h.
Maintenance of larvae
In parallel trials, wheat roots had proven most effective for all stages of larval development (Johnson and Russell 2019) , and the larvae were provided with hydroponically-grown roots of wheat seedlings, using the following procedure.
Preparation of wheat plants
Wheat seedling preparation commenced five days before plants were used in the larval rearing containers. Wheat seeds were soaked in tap-water for 15-20 h (overnight), rinsed in a weak solution (1-2%) of bleach to reduce contamination from mould, and then rinsed again in deionized water. Seeds were placed on damp paper towel in a plastic container with a lid and left overnight to germinate. Containers were then prepared for growing the wheat. A 6 x 20 cm strip of fiberglass mesh (flyscreen) was stretched over a 125 ml clear plastic pot ('growing pot') and secured with an elastic band. The growing pot was filled with tap water, and 15-20 germinated seeds were spread over the mesh in a density of approximately 0.9 seeds/ cm 2 . Better root growth with minimal mold contamination was achieved by ensuring that the water level touched the seeds but did not submerge them, and that the seeds were not clumped together. Prepared growing pots were placed in a large tray and covered with a lid to prevent seeds from drying out. After 4-5 days, plant roots reached the base of growing pots and were at a sufficient length for use in larval rearing containers (root growth was reduced once plants were in the larval rearing containers). The use of older plants (>6 days) was less desirable as these plants required more frequent replacement. Prior to use in larval cultures, the wheat roots were thoroughly rinsed in clean water and any decaying or un-germinated seeds were removed. The shoots of the wheat plants were sometimes cut approximately 4 cm above the seeds to make handling of older plants easier
Wheat seedling growth could be improved with the addition of a plant nutrient solution (Total Growth General Purpose Nutrient, R&D Aquaponics Chemicals, Wetherill Park, New South Wales) at a concentration of 0.25 ml:1000 ml of water. Plant nutrients improved wheat seedling health, increased the time that plants could be used from approximately nine to 12 days, reduced decaying matter, and thereby reduced the frequency that plants required replacement (from four or five times to three times in the immature development period).
Larval cultures
Conditions for larval cultures, including quantity of food, rearing container size and number of larvae were adjusted as methods and techniques were developed. The standardized methods used from the F 3 onwards are presented here.
The larval diet consisted of a 1:1 ratio of finely ground fish food (Wardley's® Goldfish Food Flakes, Original Formula, Wardley Corporation, New Jersey, USA) to dried baker's yeast (Tandaco Dry Yeast, Cerebos Foods, Seven Hills, New South Wales, Australia) and is hereafter referred to as 'FFY' . The quantity used depended on the rearing container size and condition of rearing water. Three sizes of rearing containers were used for larval cultures: a P250 pot for 1 st instars, a P500 pot (round, clear plastic 500 ml container) also for 1 st instars, and a T1000 tray (rectangular, clear plastic 1000 ml container) for 2 nd to 4 th instars. For 1 st instars, a mesh strip of prepared wheat seedlings was secured over the top of a container (either P250 or P500) with an elastic band and two-thirds filled with deionized water. Between 50-100 newly hatched 1 st instars were transferred to the containers and 0.3 g of diet was added. Water level was topped up to approximately 5 mm below the mesh to prevent deterioration of the wheat seeds.
After 10 days, surviving 2 nd instar larvae were transferred to T1000 trays. The T1000 trays were prepared by cutting a large rectangular hole lengthwise in the middle of the lid and two slits along the length of the lid, between the hole and the rim. Two strips of mesh with prepared wheat plants were threaded through the slits so that the roots hung through the hole and the mesh was secured under the lid when snapped in place (Figure 1 ). The container was two-thirds filled with deionized water, 0.6 g of food, and 75-100 2 nd instars were added. The water level was then topped up to approximately 5 mm below the mesh.
To remove larvae from the roots of old wheat seedlings for transfer to new containers, the mesh strips of wheat seedlings with attached larvae were lifted quickly out of the water and placed in another container with clean deionized water. The plants were shaken vigorously and brushed with a pipette or paintbrush to remove larvae. Most larvae would dislodge quickly, especially if the plants were held out of water for a few seconds after being lifted from the rearing container. Larvae were then transferred to a prepared rearing container where they would attach to roots of new plants, often immediately but at least within 60 min.
Plants and culture water, or culture water alone, were replenished and larvae fed at least two more times until immature development was completed. In general, water was poured out and replaced after six days and 0.3 g of diet added. Plants deteriorated and required replacement after 12 d. Water was also replaced, and 0.6 g of larval diet added at this time.
Pupae
From four weeks after hatching at 25° C, plants were examined every four days to collect pupae. While submerged, the wheat seedling roots were gently brushed with a pipette to dislodge the pupae, which were then transferred to a pot with clean deionized water. Pupae were initially left in the water to emerge as per Chiang et al. (1986) , but as mortality of pupae was high, pupae were instead placed on damp filter paper in a covered container and left to eclose. Adults emerged five days after pupation and were released from pupal containers into cages.
The hatch rate per raft, number of larvae surviving to 2 nd instar and pupating, and emergence rates of pupae maintained on filter paper were recorded. In addition, as some variability in survival rates was observed, survival to 2 nd instars of larvae hatched from individual egg rafts from later generations was recorded.
Other species
The methods described above were also applied to other species: Cq. sp. nr crassipes (from northern Queensland), Cq. variegata Dobrotworsky (from Port Stephens, New South Wales), Cq. xanthogaster (from southeast Queensland), Ma. uniformis (from Sydney, New South Wales) and Ma. septempunctata (from northern Queensland). The same procedure was used but some modifications were made for the different species. For Cq. variegata, sand was added to the rearing containers to more closely simulate natural habitat conditions. Following the methods of Chiang et al. (1985 Chiang et al. ( , 1986 , Cq. xanthogaster pupae from the F 5 generation onwards were removed from wheat plant roots and transferred to a P250 with clean deionized water (with approximately 30 pupae per P250) and floated at the water surface for emergence, rather than being placed on damp filter paper. Floating Azolla pinnata R.Br. ferns were used as an oviposition substrate for the Mansonia species, which 38.4 ± 8.9 (631 ± 241) 245.3 ± 40.5 Table 2 . Survival of Coquillettidia xanthogaster and production of adults through six generations.
1 First to second instar = (number of second instar/number of first instars) x 100. 2 Pupation rate = (number of pupae/number of first instars) x.100. 3 Emergence rate = (number of adults/number of pupae) x 100 emerged from filter paper only. 4 Rearing success = (number of adults/number of first instars) x.100. 5 Approximate number of adults used for maintaining colony (excludes experimental material).
typically attach a cluster of eggs to the underside of floating plants and leaves. Four or five ferns were placed in P250 pots substrate with two 150 mm wooden applicator sticks, a strand of I. prolifera and approximately 200 ml deionized water. The pot was placed in the cage five days after a blood meal.
RESULTS
Coquillettidia linealis
A colony of Cq. linealis was established in an insectary and maintained through eight generations (Table 1) . The duration of one complete generation (from median emergence of adults in one generation to the next) was at least two months but usually longer due to difficulties in obtaining sufficient numbers of egg rafts. Mean (± SD) overall rearing success (from hatch to emergence) was 28.0 ± 6.4% (n=8 generations) and ranged from 17.2 to 37.3%. Mean (± SD) survival to pupation was 41.1 ± 9.4%.
Mortality of Cq. linealis 1 st instars was high, with a mean (± SD) 68.8 ± 8.6% of larvae surviving the first 10 days of development (to 2 nd instar). In addition, survival to 2 nd instar of larvae hatched from individual egg rafts (n=36) was recorded. In 27.8% of the rafts, the mortality rate of 1 st instars exceeded 95% regardless of whether the newly hatched larvae were placed in one rearing container or divided into two separate containers.
The mean (± SD) eclosion rate (pupae to adult) was 75.0 ± 5.6%, but this value did not include pupae that died before being removed from the wheat seedling roots (approximately 8% of all pupae). Placing pupae on filter paper to emerge, rather than floating in a separate container of water, increased survival from approximately 63% to 83%. The age of pupae when removed from plants did not affect survival, i.e., pupae were able to complete development if removed from plants in the early stages of development. In contrast, Cq. xanthogaster could be placed in a container of water rather than on filter paper when removed from wheat roots as these pupae were usually buoyant and most would emerge.
Field-caught adults (F 0 ) of Cq. linealis readily laid eggs in containers provided in cages, but in the following generations up to F 6 , egg raft production was very low and sporadic with few rafts laid between four to eight days after a blood meal. However, the number of egg rafts laid improved substantially after the 6 th generation. Females in the F 6 , F 7 and F 8 , reliably laid egg rafts four to five d after a blood meal, usually in the early morning before 'daylight' . Eggs hatched after three to four d. Raft size ranged from 47 to 160 eggs per raft with a mean (± SD) of 117 ± 34. Mean (± SD) hatch rate success was generally high at 94.1 ± 11.3%. Median emergence occurred in approximately six weeks and 75% of pupation of a cohort of eggs could be completed within seven days.
In later generations, when survival of larvae hatched from individual egg rafts was recorded, the mortality rate of 1 st instars in 10 out the 36 rafts examined exceeded 95%, regardless of whether the newly hatched larvae were placed in one rearing container or divided into two separate containers.
Other species
Colonies of Cq. xanthogaster and Ma. uniformis were established and reared through at least six generations (Tables 2 and 3 ). Rearing success for these colonies was higher than for Cq. linealis with mean (± SD) survival rates of 38.4 ± 8.9% and 37.4 ± 5.5%, respectively, and the higher overall survival was reflected in each rearing stage. Two other species, Cq. sp. nr crassipes and Ma. septempunctata were also reared successfully using these methods, for five and two Table 3 . Survival of Mansonia uniformis and production of adults through six generations.
1 First to second instar = (number of second instar/number of first instars) x 100. 2 Pupation rate = (number of pupae/number of first instars) x 100. 3 Emergence rate = (number of adults/number of pupae) x 100 emerged from filter paper only. 4 Rearing success = (number of adults/number of first instars) x 100. 5 Approximate number of adults used for maintaining colony (excludes experimental material).
generations, respectively. However, multiple attempts to rear Cq. variegata from eggs laid by field-collected adults were unsuccessful. Over 7,000 larvae hatched, attached to wheat roots and survived for 12 d, but only a few (approximately 40) molted to 2 nd instar, none molted to 3 rd instar, and none survived beyond 28 d. Some modifications were made to the standard procedures, such as the addition of sand to the rearing medium, but none were successful.
DISCUSSION
This paper describes the first successful establishment and maintenance of a colony of Cq. linealis. The methods were also used successfully to rear two other Coquillettidia species found in Australia, Cq. xanthogaster and Cq. sp. nr crassipes (but not Cq. variegata) and can be applied to Ma. uniformis and Ma. septempunctata with modifications for oviposition.
Hydroponically-grown wheat seedling roots as an attachment substrate were first used by Guille (1973 Guille ( , 1975 for Cq. richiardii and Cq. buxtoni. They were as effective for Cq. linealis larvae and pupae, especially when compared with other substrates (Johnson and Russell 2019) and, as importantly, the wheat plants could be grown under insectary conditions, and were convenient and manageable for largescale use. For example, the fiberglass mesh strips enabled easy replacement of plants, which was required every 10-14 d, similar to the frequency used for Cq. richiardii in summer conditions (Guille 1973) . Although Guille (1973) reported very low mortality rates of 10-20% for Cq. richiardii, the rearing methods described here for Cq. linealis are an advance on those studies, because data on development times, numbers of mosquitoes used and generations produced are here provided, as well as details of larval food and other requirements.
The overall rates of rearing success for Cq. linealis (and Cq. xanthogaster) were higher than those reported for the tropical Cq. crassipes, the only other Coquillettidia species that has been colonized through multiple generations. Coquillettidia crassipes was reared on paper with a mean of 19.6% (range 11.3 to 33.6%) surviving to emergence over the first nine generations (although survival improved to 36.0% for the F17) (Chiang et al. 1986 ). Pupation rates for Cq. linealis herein were even higher at 41.1% compared with the 32.3% for Cq. crassipes of Chiang et al. (1986) . The wheat seedlings were also very effective for Ma. uniformis, with the overall rearing success rate of 37.4% in the present study being higher than the average of 21.4% for the first six generations of a colony reared on paper in Malaysia (Chiang et al. 1985) .
One of the limitations of using wheat seedlings was the relatively lengthy period required for their preparation. Seedlings were not available for immediate use and required preparation five days in advance. This was particularly problematic when the seedlings failed to sprout roots of an adequate length because, for instance, of incorrect water levels. Growth was further reduced once plants were in the larval rearing medium. First instar Cq. linealis rarely attached to the short roots at the top of the rearing pot, but rather preferred long roots in contact with the base of the container.
Another drawback of the wheat seedlings was that mortality rate of pupae was high if they were left on the roots to develop and eclose. Survival of Cq. linealis pupae was substantially improved by placing them on damp filter paper to emerge. Chiang et al. (1985 Chiang et al. ( , 1986 (Gillett, 1961) and two South American species (Davis 1933) died as 1 st instars during rearing attempts. It is possible that in some of these investigations the potential attachment substrates were rejected by larvae because the diet provided was inadequate and/or inappropriate.
Preliminary food trials for Cq. linealis identified that a rearing medium rich in microorganisms, such as hay infusions, improved survival rates, particularly for 1 st instars. This may be because a wide size range of potential foods, including very small particles, was available for 1 st instars and the attached larvae were more likely to contact suitably sized food (Merritt et al. 1990 ). Here, a diet that would create a certain organic level in the water was selected. In larval development experiments, food quantity was more important than food type when rearing Cq. linealis (Johnson and Russell 2019) . Hence, for the standard rearing procedures in the colony, 1 st instars were provided with double the quantity of FFY than was used for later instars.
Mortality of 1 st instars in the laboratory may be due to inherent differences between larvae hatched from different egg rafts. When Cq. linealis larvae from individual egg rafts were reared as a group, survival to 2 nd instar was variable, with nearly 100% mortality from some egg rafts, regardless of rearing conditions. This factor cannot be detected if larvae from different egg rafts are combined in one container, and it may explain some of the range in rearing success reported in other colonies. Survival rates of Cq. crassipes in individual rearing containers ranged from 0 to over 50% (Chiang et al. 1986 ). This variation in success of larval cultures was considered to be one of the more puzzling aspects of colonising Mansonia even when using standardized procedures (Laurence et al. 1962) .
Another factor contributing to mortality of larvae and pupae was high temperatures. Insectary temperatures sometimes reached 27-28° C, which was found to be at the upper end of thermal tolerance limits for this species (Johnson and Russell 2019) . A temperature of 25° C appeared to be optimal, as development time could be minimized without significantly compromising survival.
In spite of the high mortality rate, sufficient numbers of adults were produced to maintain the colony and to conduct laboratory experiments (Johnson and Russell 2019) . However, the mass production of Cq. linealis adults of a similar age was limited by difficulties in acquiring a sufficiently large number of egg rafts under laboratory conditions, particularly as oviposition and hatching rates were low and erratic in the early cohorts up until the F 6 . Endeavours to create conditions that would encourage or stimulate oviposition included using smaller or larger adult holding cages, maintaining adults in a room with natural light, altering water quality in oviposition cups, using field habitat water, using larval rearing water, altering oviposition cup size, colour and position, and increasing vegetation density in cups. No significant differences could be determined, but the presence of live emergent vegetation (I. prolifera) of medium to high density projecting above the oviposition cup appeared to be important. One female was observed forming a raft with her hind legs while the front and middle legs clung to vegetation. Confining adults individually in cups (as per Laurence and Smith 1958) was ineffective for Cq. linealis and eggs were usually only laid as the female died. In contrast, Cq. xanthogaster and Cq. sp. nr crassipes, exposed to the same conditions readily laid eggs in containers beginning from the F 2 .
However, with Cq. linealis, by the F 6 a substantial improvement in oviposition rates was observed and it is likely that a population was selected that was adapted to laboratory conditions for oviposition and/or mating behavior. Complex species-specific mechanisms are involved in insect oviposition site location and oviposition behaviors. These mechanisms follow a series of sequential steps, triggered by responses to environmental cues that include both long distance and local components (e.g. Vet and Dicke 1992) . In the insectary, the elimination of some of these steps, or the absence of certain cues, may have disrupted oviposition in Cq. linealis.
Alternatively, the low rates of oviposition may have been due to poor rates of mating in cages. For some mosquito species, a switch to oviposition behavior requires the transfer of male accessory gland substances, which occurs during mating (e.g., Leahy and Craig 1965) . For Cq. linealis, all egg rafts laid in oviposition pots were viable (mean 94.1% hatch rate per raft), but mating may have been occurring at very low rates, resulting in few egg rafts in the early generations. Although difficulties with oviposition have not been recorded for other Coquillettidia species, these reports referred to egg production from field-collected adults (Haeger 1961, Trueman and McIver 1983) that, like the F 0 of Cq. linealis in this study, probably readily oviposited in the laboratory as they were already mated. Copulation in cages and insemination rates were investigated for Cq. crassipes (Chiang et al. 1986 ). This species required large cages for successful mating and insemination rates were highest in the largest cage (120 x 60 x 60 cm) (Chiang et al. 1986 ). Insemination rates may have provided more insight into the oviposition behavior of Cq. linealis but were not investigated here, and it may be that different sized cages and adult densities might be influential.
Coquillettidia species appear to vary in their propensity to be colonized. For example, Gillett (1961) attempted to rear six Coquillettidia species from egg to adult, but only had success with Cq. aurites, and Wharton (1962) raised Cq. crassipes from egg to adult in the laboratory but was unsuccessful in rearing three other species. Of the species investigated here, the temperate Cq. linealis was harder to colonize than the tropical Cq. xanthogaster and Cq. sp. nr crassipes, with higher mortality rates, longer developmental period (Johnson and Russell 2019) , and difficulties with oviposition in the laboratory. Coquillettidia variegata, which is probably more closely related to Cq. linealis in the Iracunda group, and not among the tropical Crassipes group, could not be reared beyond 1 st instar, even with various modifications to the standard rearing procedure.
The distinctive requirement for an attachment substrate has been the focus of many previous attempts to colonize Coquillettidia species. However, this investigation identified several additional factors that were also critical. These included the use of a rearing medium with a relatively high organic content, the removal of pupae from plant roots to increase/improve emergence rates, relatively moderate temperatures around 25° C, and the selection of individuals that were suited to laboratory conditions as adults to improve oviposition rates. Further investigations of some of these factors are reported in the companion paper (Johnson and Russell 2019) . Finally, the establishment of the colony provided for the formal description of the larval stage of Cq linealis for the first time (Johnson and Russell submitted) .
